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ABSTRACT

This paper presents a mathematical model for the transport of Ce(IV) from sulfate solutions
through dispersion supported liquid membranes which contain 2-ethyl hexyl phosphoric
acid-mono-2-ethyl hexyl ester (P204) as the carrier, dissolved in kerosene as the membrane
solution. This process of facilitated transport, based on membrane technology, is a variation
on the conventional technique of solvent extraction and may be described mathematically
using Fick’s second law. The equations for transport velocity are derived considering the dif-
fusion of P204 and its metallic complexes through the liquid membrane. In this work, the
system is considered to be in a transient state, and chemical reaction between Ce(IV) and the
carrier takes place only at the solvent–aqueous interfaces. Modeling of concentration profiles
is obtained for the Ce(IV) from which extraction velocities are predicted. The experimental
and simulated Ce(IV) extractions showed similar tendencies for a high Ce(IV) concentration
and acidity case. The model results indicate that the initial high concentration of Ce(IV) and
acidity have detrimental effects on Ce(IV) extraction and stripping.

Keywords: Dispersion supported liquid membrane; Dispersion phase; Feed phase; P204;
Cerium(IV)

1. Introduction

Industrial effluents containing highly toxic and
nonbiodegradable heavy metal ions are generated in
hydrometallurgy, electroplating, and electrochemical
industry. For the purpose of environmental conserva-
tion and resources recycling, the removal and recovery
of these heavy metals have become increasingly
stringent [1–3]. Recently, people pay attention to rare
earth metal which is applied in more and more
technologies of production and life. It is also necessary
to develop a method for the separation and recovery of

rare earth metals. Several conventional methods, such
as chemical precipitation [1,2], reverse osmosis [4],
adsorption [5], ion exchange [6], and solvent extraction
[7,8] have been developed for these purposes but
encounter various difficulties [1–3]. More efficient,
low-cost removal and recovery methods are needed to
overcome these difficulties.

Recently, many attentions have been paid to the
liquid membrane (LM) techniques due to their specific
characteristics. LMs can carry out extraction and
stripping processes simultaneously, and they show
advantages of nonequilibrium mass transfer and
up-hill transport effect, where solute can move from
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low-to-high concentration solution [9–12]. The main
types of LM systems include emulsion liquid mem-
brane (ELM) [13], supported liquid membrane (SLM)
[11,12,14], bulk liquid membrane (BLM), flowing
liquid membrane [15], electrostatic pseudo liquid
membrane [10], supported emulsion liquid membrane
(SELM) [16,17], hollow fiber contained liquid
membrane (HFCLM) [18], supported liquid membrane
with stripping dispersion (SLM-SD) [19,20], etc. The
potential advantages of LM techniques over
traditional separation techniques and solid mem-
branes techniques are low capital and operating costs,
low energy and extractant consumption, and high
concentration factors and high fluxes. However, LM
techniques have not been adopted for large-scale
industrial processes [9,11,12,21–27], primarily due to
the lack of long-term stability, hard to operate the
emulsification and de-emulsification steps in ELM and
SELM processes, and larger membrane resistance in
BLM and HFCLM processes, etc. [28].

In order to overcome these above difficulties in the
conventional LM systems, a new liquid membrane
technique, namely dispersion supported liquid
membrane (DSLM) [29], was proposed. The DSLM
technique is based upon surface renewal, diffusion
theory, and our previous work, which also integrates
the advantages of fiber membrane extraction process,
liquid film transport process, and most of other liquid
membrane systems [12]. This is a new type of LM
process with several advantages such as increased
stability of the membrane, reduced costs, increased
simplicity of operation, extremely efficient stripping of
the target species from the organic phase by obtaining
a high flux, and a higher concentration of the
recovered target species in the stripping solution.

These advantages are very attractive; nevertheless,
more studies are needed for the application of DSLM
in industry. Otherwise, scaling-up for the new liquid
membrane configuration will fail unless there is a
complete understanding of the efficiency parameters,
which is reported in such a way that a concise and
global insight of the separation characteristics of a
given system can be easily drawn. For example, the
behavior of transport of single cation and a new
permeability coefficient equation should be studied
because the diversity of transport behavior of ions is
objectively present in the two systems of traditional
SLM and DSLM.

Ce(IV) is a typical rare earth element. This metal
can be used as glass additive, exhaust gas purifying
catalyst, many sensitive materials, and so on. A few of
research about transport of Ce(IV) by LM has been
done during the last decade [30–35], and its separation
from others elements is an interesting challenger; from

this we propose to study the Ce(IV) permeation
through a novel liquid membrane system.

Mathematical modeling of the transport phenom-
ena for the DSLM is equally important for the inter-
pretation of laboratory results and to design and
scale-up of the processes. Li et al. [36] presented a
very simple model, where the extraction velocity is
considered to be proportional to the concentration
difference between the extraction and stripping
phases. Later on Hochhauser and Cussler [37], Martin
and Davies [38], Volkel et al. [39] and Gladek et al.
[40] adopted similar mathematical considerations.
Their steady-state approach is, however, only valid
when the extraction is far from equilibrium.

On the other hand, researchers in the area of
DSLM have presented analytical solutions for the
determination of the facilitation factor. Facilitated
transport is a process by which a nonvolatile carrier
facilitates or increases the transport of a solute across
a liquid film and the facilitation factor may be defined
as the ratio between the total flux of solute with facili-
tation and the total flux without it. In this direction,
Smith [41] considered the uncomplexed carrier con-
centration to be constant within the liquid film, which
is equivalent to having a large amount of the carrier
in the organic phase relative to the amount of solute
to be extracted. The differential equations that
describe this process in steady state are linear and
easy to solve. Their solution was first introduced by
Donaldson [42] in 1984. Kreuzer [43] arrived at the
same expression through a dimensional analysis
whose solution was a function of the chemical
reaction and the carrier concentration. Noble [44] and
Elkamel et al. [45] derived another expression for the
factor. However, this differs from each other by con-
sidering the mass transfer resistance. In the case of
metal ion extraction, a facilitation factor is insignifi-
cant since the metal is insoluble and therefore cannot
flow through the organic liquid membrane without
forming a complex with the carrier.

The present work proposes a dynamic mathematical
model that describes the transport of Ce(IV) through a
LM composed of 2-ethyl hexyl phosphoric acid-mono-
2-ethyl hexyl ester (P204) in kerosene. The Ce
(IV)-(P204) reaction takes place only at the organic–
aqueous interfaces and homogeneous equilibria are
assumed in each of the three phases involved.

2. DSLM experimental procedure

The measurements of transport percentage for the
DSLM were performed as follows: the experiments
were accomplished with a simple diffusion cell. The
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diffusion cell consisted of two-compartment perspex
half-cells. Two half-cells were separated by the mem-
brane. The membrane was impregnated with P204
dissolved in kerosene and clamped between the two
half-cells. The effective volume of each one is 140ml.
A polyvinylidene fluoride membrane was used as a
solid support. It had a 65lm thick film with a
nominal porosity of 75% and a tortuosity of 1.67. The
effective area of support is 12 cm2. The feed phase
(120ml) consisted of Ce(SO4)2 4H2O, H2SO4, and HCl
solution, and was poured into a half-cell. All the
reagents used in the present work were of analytical
grade. The mixed dispersion phase consisted of the
different volume ratios of the membrane solution con-
taining the carrier P204; and HCl stripping solution
was placed into another half-cell. Samples of the feed
phase were taken at timed intervals. The stirring of
dispersion phase was allowed to stand until phase
separation occurred. Then the sample from the
dispersion phase was collected at timed intervals. The
stirring of dispersion phase was allowed to stand until
phase transport occurred. Then the Ce(IV) sample
from the dispersion phase was collected. Samples con-
taining Ce(IV) in the feed phase only were analyzed
for ion concentration with a UV-1200 spectrophotome-
ter using Arsenazo III as the chromogenic agent
(under the detection wave lengths: 531 nm). Fig. 1
shows the experimental setup of the DSLM process.

3. Transport velocity model

Figs. 2 and 3 show the principle of DSLM process,
in which concentration change and transport pro-
cesses are depicted. The co-transport involves various
equilibrium reactions, which are described as follows:

(a) Ce(IV) diffuses from the feed phase to the inter-
face A.

(b) On the feed side interface of the DSLM, the
extraction of Ce(IV) from feed solution with carrier
P204 (can be as (HR)2) in kerosene can be expressed
as [46,47]:

Ce4þ þ 3ðHRÞ2;org ¢
k1

k�1

CeR2ðHR2Þ2;org þ 4Hþ
f ð1Þ

where f and org stand for feed phase and organic
phase respectively; (HR)2 indicates that the P204 in
kerosene mainly exists as a dimeric form and then
denoted as DR; K1, and K-1 stand for forward and
backward reaction rate constant at the interface
between the feed phase and membrane phase.

(c) The metal-complex (CeR2(HR2)2) diffuses
through the membrane A–B.

(d) At the stripping side interface of the DSLM,
the CeR2(HR2)2 dissolved in membrane solution and
the metal ions Ce(IV) are getting stripped by stripping
agent.

The stripping reaction on the other side of the
SLM is written as follows:

CeR2ðHR2Þ2;org þ 4Hþ
s ¢

k2

k�2

Ce4þ þ 3ðHRÞ2;org ð2Þ

where s represents the dispersion phase; K2 and K-2

stand for forward and backward reaction rate constant
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at the interface between the membrane phase and
dispersion phase.

(e) Carrier P204 returns from B to A.
In this mechanism, the transport of Ce(IV) across

DSLM will be described by considering only diffusion
coefficient of Ce(IV), because the complex reaction
between the Ce(IV) and P204 at the interfaces is much
faster compared to the diffusion in the feed phase and
membrane phase [48–50]. To formulate the model, the
following assumptions were made:

(1) The Ce(IV) diffuses in the organic medium as the
CeR2(HR2)2 complex only.

(2) There is no net flow due to convection within the
LM.

(3) The metal ions react only with P204 at the
membrane interfaces.

(4) The P204 monomer and dimer are in equilibrium
at all times throughout the organic phase.

(5) The solubility of P204 in the aqueous acid solution
has been found to be negligible and, therefore, its
concentration in the DSLM is assumed to remain
constant [51].

The diffusion of metal-complex(CeR2(HR2)2) through
the membrane may be described by Fick’s second law:

@CCeR

@t
¼ DCeR

@2CCeR

@x2
ð3Þ

where CCeR stands for concentration of the Ce(IV)-
(P204) complex in the organic solution; DCeR stands
for diffusivity of the Ce(IV)-(P204) complex; x stands
for distance in the LM. The boundary conditions at
each of the DSLM–aqueous solution interfaces
represent the equality of the free Ce(IV) mass transfer
to or from the interfaces in the aqueous phase with
the diffusion of the organometallic Ce(IV) complex
into or out of the organic phase at each boundary:

DCeR

@CCeR

@x

����
A

¼ k C0
CeR � CA

CeR

� � ð4Þ

DCeR

@CCeR

@x

����
A

¼ k CB
CeR � C0

CeR

� � ð5Þ

where k means mass transfer coefficient in the aqueous
phase at boundary A or B; C0

CeR stands for equivalent
Ce(IV)-(P204) concentration corresponding to the bulk

aqueous phase Ce(IV) concentration; CA
CeR stands for

interfacial Ce(IV)-(P204) concentration at interface A;

CB
CeR stands for interfacial Ce(IV)-(P204) concentration

at interface B; and A, B stands for extraction and
stripping boundaries, respectively. Given that the
Ce(IV)-(P204) complex does not exist in the aqueous

phase, the mass transfer driving power of Ce(IV), as
Ce4+, must be estimated by transforming the aqueous
phase concentrations to equivalent organic phase

concentrations C0
CeR, using the extraction equilibrium

constant. Therefore, it is possible to calculate the equiv-
alent Ce(IV)-(P204) concentration for the bulk aqueous
free Ce4+ in the following manner:

Extraction equilibrium constant [52]:

KEQ ¼ ½Hþ�4½CeR2ðHR2Þ2�
½Ce4þ�½ðHRÞ2�3

ð6Þ

C0
CeR ¼ ½CeR2ðHR2Þ2�bulk ¼ KEQ

½Ce4þ�bulk½ðHRÞ2�3
½Hþ�4 ð7Þ

where [Ce4+]bulk stands for free Ce(IV) in the bulk
aqueous solution; [CeR2(HR2)2]bulk stands for Ce
(IV)-(P204) concentration in the organic phase in
equilibrium with the bulk aqueous phase Ce(IV)
concentration; [(HR)2] stands for P204 dimer
concentration in the organic phase. On the other hand,
in order to describe the P204 diffusion through the
DSLM, the different compounds which contain the
extractant are in equilibrium and must be grouped
together. Since the P204 dimer and the Ce(IV)
complex contain two and six P204 molecules,
respectively; the total P204 flux may be expressed as:

@CðHR;DR;CeRÞ
@t

¼ DHR

@2CHR

@x2
þ 2DDR

@2CDR

@x2

þ 6DCeR

@2CCeR

@x2
ð8Þ

where C(HR, DR, CeR) stands for P204 total =CHR+CDR

+6CCeR; CHR stands for concentration of the P204 mono-
mer; CDR stands for concentration of the P204 dimer.
Since no P204 enters the aqueous phases, in any form, its
diffusion at both interfaces is considered to be negligible
and the boundary conditions at A and B may be
expressed as follows:

DHR

@CHR

@x
þ 2DDR

@CDR

@x
þ 6DCeR

@CCeR

@x

����
A;B

¼ 0 ð9Þ

The initial conditions reflect the uniformity of the
P204 monomer and dimmer concentrations, as well as
the absence of Ce(IV), throughout the DSLM:

Then for all x,

CCeR ¼ 0 ð10Þ

CHR;DR ¼ ½PC� 88A�0 ð11Þ

where [P204]0 stands for initial concentration of P204.
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To solve the model, aqueous solution mass bal-
ances and species distributions must be determined
before solving the diffusion equations. Since, the
extraction and stripping solutions contain an apprecia-
ble amount of sulfate, hydrogen, and hydroxide ions,
much of the Ce(IV) is present as complexes with these
ions. At each time, the free Ce(IV) concentration must
be calculated in order to evaluate the boundary condi-
tions from Eq. (7). Thereafter, the diffusion equations
for Ce(IV) and total P204 are derived using the finite
difference technique as proposed by Hoffman et al.
[53]. The set of nonlinear algebraic equations formed
by the diffusion equations and the boundary
conditions are solved by a Newton–Raphson type
method. Finally, Ce(IV) removal from the extraction
phase and addition to the stripping phase are
calculated using differential mass balances.

DCeR

@CCeR

@x

����
A;B

¼ V

S

dCCe

dt
ð12Þ

where S stands for area of the aqueous–organic inter-
face; V stands for volume of the aqueous phase; CCe

stands for total Ce(IV) concentration in the aqueous
phase. According to the above-mentioned five
assumptions, and S, D, and V are certain, so the rela-
tionship between concentration and time is examined
to be linear at the same H+ concentration in the feed
phase.

4. Results and discussion

4.1. Effect of the volume ratio of membrane solution and
stripping solution

The effect of volume ratio of membrane solution
and stripping solution in the dispersion phase on
transport of Ce(IV) is studied. The assumed experi-
mental conditions chosen are in certain acidity in the
feed phase, which is adjusted to 0.1mol/L. Initial
concentration of Ce(IV) is 1.2� 10�4mol/L in the feed
phase, the concentration of HCl solution is 3.0mol/L,
and the concentration of P204 is 0.100mol/L in the
dispersion phase. The effect of volume ratio mem-
brane solution and stripping solution in the dispersion
phase on transport of Ce(IV) is shown in Fig. 4. The
volume ratio is increased from 10:50 to 50:10. It can be
seen that the most effective volume ratio is 50:10,
which gives a transport percentage of Ce(IV) much
higher than 10:50, but a little higher than 40:20.

Under 50:10 and 40:20 conditions, the transport
percentages of Ce(IV) are above 90.3 and 91.9%,
respectively. These transport percentages are near, but
under volume ratio of 20:40 and 10:50 conditions

transport percentages are lower. It indicates that the
transport flux of Ce(IV) increases with the increasing
volume ratio in the dispersion phase. When volume
ratio in the dispersion phase increases, the droplets of
the dispersion solution disperse obviously in the
membrane phase and the chances of contact between
P204 and Ce(IV) increase. In this way, the mixing
between the membrane phase and dispersion phase
provides an extra stripping surface and renewal rate
of LM, which leads to extremely stripping rate for the
target species from organic phase and life of LM.
Therefore, it enhances the transport percentage of
Ce(IV). As far as our researching conditions are
concerned, considering saving membrane solution as
well as increasing transport percentage, we choose
40:20 as the optimum volume ratio of membrane
solution and stripping solution in the dispersion
phase for the following experiments.

4.2. Effect of concentration of HCl solution in the
dispersion phase

The stripping reaction in the dispersion phase plays
a vital role in the transport of metal ion from the feed
phase to the stripping phase. So the effect of the con-
centration of HCl solution in the dispersion phase on
transport percentage of Ce(IV) is studied in this section
[53]. All the other parameters, such as acidity, initial
concentration of Ce(IV) in the feed phase, volume ratio,
and concentration of P204 are adjusted to 0.1,
1.2� 10�4, 40:20, and 0.100mol/L, respectively. The
effect of concentration of HCl solution in the dispersion
phase on transport percentage of Ce(IV) is shown in
Fig. 5. It indicates that, with the increasing of acid
concentration in the dispersion phase, the transport
percentage of Ce(IV) increases. It can be seen that the
effective concentrations of HCl solution for transport is
6.0, 5.0, and 4.0mol/L, which gives a transport percent-
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age of Ce(IV) about 86.2, 90.2, and 91.9%, respectively.
The increase of concentration of HCl solution from 2.0
to 3.0mol/L has no significant effect on transport per-
centage of Ce(IV), and it is less than 85%, because the
number of Ce(IV) complex and the concentration of
membrane solution which transport through the mem-
brane per unit area of the membrane per unit time are
definite. However, under the condition of 6.0mol/L
HCl solution, the transport percentage is little lower
than 5.0 and 4.0mol/L, because of higher acidity
resulting in receding of complexation ability of P204.
Considering controlling acidity as well as increasing
transport percentage, we choose 4.0mol/L as the
optimum concentration of HCl solution in the
dispersion phase during the following experiments.

4.3. Effect of acidity in the feed phase

Based on the mechanism of mass transfer process,
the concentration difference between feed phase and
dispersion phase is the driving power of mass transfer
process. So in the feed phase, the lower the H+

concentration is, the stronger the driving power of
mass transfer process will be. Stronger power will
promote the transport percentage of Ce(IV). Equally,
the greater the acidity in the feed phase is, the lower
the transport percentage of Ce(IV) is. The effect of
acidity in the feed phase on transport of Ce(IV) is
studied in the acidity range of 0.05 to 0.50mol/L,
which is adjusted with an HCl solution. Initial concen-
tration of Ce(IV) in the feed phase is 1.2� 10�4mol/L.
Concentration of HCl solution is 4.0mol/L, volume
ratio of membrane solution and stripping solution is
40:20, and concentration of P204 is 0.16mol/L in the
dispersion phase. The results are shown in the Fig. 6.
The transport percentage of Ce(IV) increased when

the acidity in the feed phase increased from 0.01 to
0.50mol/L, and a maximum transport percentage
observed at acidity of 0.1mol/L is 90.2% during
85min. Above the acidity of 0.1mol/L in the feed
phase, the transport percentage of Ce(IV) decreases to
50.2%. When acidity is less than 0.05mol/L, the feed
phase emulsifies, so the transport percentage of Ce
(IV) decreases. Against all previous cases, announce-
ment of associated documents [54] put forward that
the influence of acidity on distribution coefficient of
extraction process. It is large because the transport
process is mainly governed by the driving power of
mass transfer caused by the distribution equilibrium,
when the renewal effect of the LM and the diffusion
mobility of Ce(IV) ions are determined under specific
experimental conditions [55,56]. As far as our
researching conditions are concerned, considering
saving chemical agents as well as increasing transport
percentage, we choose acidity of 0.1mol/L as the
optimum acidity condition in the feed phase during
the following experiments.

4.4. Effect of concentration of P204 on transport of Ce(IV)

Concentration of P204 in the membrane phase and
dispersion phase also plays a significant role in trans-
port of Ce(IV). Effect of concentration of P204 on
transport percentage of Ce(IV) is studied in the P204
concentration range from 0.036 to 0.23mol/L. The
acidity is adjusted to 0.1mol/L, initial concentration
of Ce(IV) is 1.2� 10�4mol/L in the feed phase,
volume ratio of membrane solution and stripping
solution is adjusted to 40:20, and concentration of HCl
solution is also adjusted to 4.0mol/L in the dispersion
phase. The results are shown in Fig. 7. With the
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increasing of concentration of carrier in the membrane
phase from 0.036 to 0.23mol/L, the transport percent-
age of Ce(IV) increases, however, when concentration
of P204 increases to 0.23 from 0.16mol/L, the increas-
ing of transport percentage of Ce(IV) is not obvious.
Within the concentration of P204 range from 0.036 to
0.23mol/L in the dispersion phase, the availability of
P204 at the feed-membrane-dispersion interfaces
increases with the increasing of concentration of
carrier. The chemical reaction balances shift to the left.
Similarly, when concentration of P204 becames low,
the balance shifts to the right. When concentration of
P204 increases to a significant extent, the transport
percentage of Ce(IV) will no longer increase with
time. When the concentrations of P204 are 0.16 and
0.23mol/L, the transport percentages are 93.5 and
95.1%, respectively. The concentration of P204 is pro-
portionate with Ce(IV) concentration in membrane
phase. When the concentration of P204 in the mem-
brane phase becomes higher in comparison to Ce(IV)
concentration in the feed phase, there is no Ce(IV) to
react on redundant P204, so the increasing of
transport percentage of Ce(IV) will become slow. This
indicates that the number of P204 used to transport
Ce(IV) through the membrane per unit area of the
membrane per unit time are definite when the initial
concentration of Ce(IV), the effect area of membrane,
and time are definite. As far as our researching condi-
tions are concerned, considering saving membrane
solution and reagent as well as increasing transport
percentage, we chose 0.16mol/L as the optimum
concentration of carrier in this study.

In Fig. 8, Ce(IV) extraction curves, both experimen-
tal and those predicted by the model, are presented as
a function of time for a acidity run. In this case, the
acidity of the feed phase was previously adjusted to

0.1mol/L, converting the P204 to its sodium salt. The
acidity is accounted for in the program by eliminating
the hydrogen ion balance, Eq. (11), in the extraction
phase. As may be noted, the agreement between the
experiment and the program results is quite good.
The kinetics was also found to be close to the
experimental value reported by Chiarizia et al. [57]
and Su et al. [58] for this system.

4.5. Long-term stability of LM

In order to define long-term stability of DSLM
compared with traditional SLM, the tendency of Ce
(IV) concentration changes in feed phase and
dispersion phase with time was studied under the
fixed operating condition lasting for a long time.

The assumed experimental conditions chosen were
that the acidity was adjusted to 0.1mol/L, initial con-
centration of Ce(IV) was 1.2� 10�4mol/L in the feed
phase, volume ratio of membrane solution and strip-
ping solution was adjusted to 40:20, concentration of
HCl solution was also adjusted to 4.0mol/L, and the
P204 concentration was 0.16mol/L in the dispersion
phase.

The results are shown in the Figs. 9 and 10. After
80min, the tendency of Ce(IV) concentration changes
was stable, so we took a sample in 80min in each
experiment. We can find that after 9.0 h and 20min,
the Ce(IV) concentration and stability of dispersion
phase decreased gradually using traditional SLM; and
the Ce(IV) concentration in both feed phase and dis-
persion phase remained stable using DSLM. This is
because the carrier in traditional SLM loses gradually
and DSLM with dispersion phase can supply carrier
to the membrane system. So we can draw the
conclusion that stability of DSLM was better than
traditional SLM.

0

20

40

60

80

100

0 20 40 60 80 100
Time (min)

T
ra

ns
po

rt
 p

er
ce

nt
ag

e 
(%

)

0.036 mol/L 0.065 mol/L 0.100 mol/L

0.160 mol/L 0.230 mol/L

Fig. 7. Effect of concentration of P204 on transport of Ce(IV).

Experimental

Model

Fig. 8. Comparison between experimental and model.

L. Pei et al. / Desalination and Water Treatment 51 (2013) 2193–2201 2199



5. Conclusions

Ce(IV) transport through a DSLM, containing P204
as the carrier, was studied and following conclusions
were drawn: The LM with P204 in kerosene employed
in the experiment permitted an adequate Ce(IV)
extraction as long as the acidity of the feed solution
was regulated below 0.1mol/L. A transient model
was developed which considers the reaction occurs
between the Ce(IV) and the extractant P204 at the
aqueous–DSLM interfaces only.

The results of Ce(IV) extraction with respect to
time obtained by the model simulation is in agree-
ment with those obtained by experimental values.

The application of this model for the extraction of
other rare earth species is possible as long as the
equilibrium and transport characteristics such as the
nature and diffusivities of the complexes (monomer,
dimer, organometallic complex, etc.) formed in the
organic phase are known. In the future, the same
methodology will be applicable to the systems which
contain different rare earth species.
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means of a liquid surfactant membrane process, J. Membr.
Sci. 6 (1980) 19–31.

[40] L. Gladek, J. Stemazek, J. Szust, Modeling of mass transport
with a very fast reaction through liquid membranes, J.
Membr. Sci. 12(2) (1982) 153–167.

[41] D.R. Smith, P.R. Owens, A.B. Leytem, E.A. Warnemuende,
Nutrient losses from manure and fertilizer applications as
impacted by time to first runoff event, Environ. Pollut. 147(1)
(1987) 131–137.

[42] T.L. Donaldson, O.L. Culberson, An industry model of
commodity chemicals from renewable resources, Energy 9(8)
(1984) 693–707.

[43] F. Kreuzer, Facilitated diffusion of oxygen and its possible
significance, Respir. Physiol. 9(1) (1970) 1–30.

[44] R.D. Noble, Polymeric gas separation membranes: By R.E.
Kesting and K. Fritzsche, Chem. Eng. Sci. 49(22) (1994)
3833–3834.

[45] A. Elkamel, R.D. Noble, A statistical mechanics approach to
the separation of methane and nitrogen using capillary
condensation in a microporous membrane, J. Membr. Sci. 65
(1–2) (1992) 163–172.

[46] F. Kubota, M. Goto, F. Nakashio, Extraction of earth metals
with 2-ethylhexyl phosphoric acid Mono-2-ethylhexyl ester in
the presence of diethylenetriaminepentaacetic acid in aqueous
phase, Solvent Extr. Ion Exch. 11(3) (1993) 437–453.

[47] K.S. Choi, C.H. Lee, J.G. Kim, W.H. Kim, J.G. Kang, Separat-
ing Ag, B, Cd, Dy, Eu, and Sm in a Gd matrix using 2-ethyl-
hexyl phosphoric acid mono-2-ethylhexyl ester extraction
chromatography for ICP-AES analysis, Talanta 71(2) (2007)
662–667.

[48] N. Bukhari, M.A. Chaudry, M. Mazhar, Triethsanomine-
cyclohexanone supported liquid membranes study for
extraction and removal of nickel ions from nickel platings
wastes, J. Membr. Sci. 283(1–2) (2006) 182–189.

[49] J. Gega, W. Walkowiak, B. Gajda, Separation of Co(II) and Ni
(II) ions by supported liquid membranes, Sep. Purif. Technol.
22–23 (2001) 551–558.

[50] P.R. Danesi, E.P. Horwitz, G.F. Vandegrift, R. Chiarizia, Mass
transfer rate through liquid membrane: Interfacial chemical
reactions and diffusion as simultaneous permeability
controlling factors, Sep. Sci. Technol. 16(2) (1981) 202–214.

[51] R.S. Juang, H.L. Huang, Mechanistic analysis of solvent
extraction of heavy metals in membrane contactors, J. Membr.
Sci. 213(1–2) (2003) 125–135.

[52] P.K. Parhi, K. Sarangi, Separation of copper, zinc, cobalt and
nickel ions by supported liquid membrane technique using
LIX 84I, TOPS-99 and Cyanex 272, Sep. Purif. Technol. 59(2)
(2008) 169–174.

[53] K.A. Hoffman, S.L. Waller, C.R. Youngs, Once daily versus
twice daily treatments with follicle stimulating hormone in
ewes synchronized with different doses of norgestomet,
Theriogenology 29(1) (1988) 261–262.

[54] M.R. Yaftian, M. Burgard, C.B. Dieleman, D. Matt, Rare-earth
metal-ion separation using a supported liquid membrane
mediated by a narrow rim phosphorylated calix(IV) arene,
J. Membr. Sci. 144(1–2) (1998) 57–64.

[55] A. Jyothi, G.N. Rao, Solvent extraction behaviour of lantha-
num(III), cerium(III), europium(III), thorium(IV) and uranium
(VI) with 3-phenyl-4-benzoyl-5-isoxazolone, Talanta 37(4)
(1990) 431–433.

[56] M.I. Kandah, J.L. Meunier, Removal of nickel ions from water
by multi-walled carbon nanotubes, J. Hazard. Mater. 146(1–2)
(2007) 283–288.

[57] R. Chiarizia, A. Castagnola, P.R. Danesi, E.P. Horwitz, Mass
transfer rate through solid supported liquid membranes:
Influence of carrier dimerization and feed metal concentration
on membrane permeability, J. Membr. Sci. 14(1) (1983) 1–11.

[58] M.Z. Su, S.L. Du, D.X. Tang, Diffusion coefficient of Dy in
Liquid Al, J. Chinese Rare earth Soc. 6(2) (1988) 81–83.

L. Pei et al. / Desalination and Water Treatment 51 (2013) 2193–2201 2201




